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Chapter One

Introduction

A lol can happen to water between the time it falls as rain or snow and
the point where it unites with a stream, lake, or ground water reservoir.
Exactly what does or does not happen influences the quality, quantity,
and ecological health of our water.

As water travels through the landscape, it encounters countless sur-
f::-:es—-plant.s, buildings, soil, rocks, and pavement—each of which has a
different impact on it. Along its varied pathways, water interacts with
land through a variety of processes. These processes determine where
water goes: whether it quickly evaporates back to the atmosphere, lingers
on Lhe land surface, svaks inte the ground, or flows over land.

Adter Chapter One's introductian of basic concepts, such as the waler
cycle, waler budgels, and walersheds, Chapter Two explains the major
land-water processes. Using a hypothetical watershed, Chapter Three ex-
plains how to synthesize individual land-waler processes in order lo map
hydrologic zones, which provide insight to what happens to water as it
travels through a watershed. Chapler Four discusses the implications
that hydrologic zones have for deslgning land use proctices that mini-
mize impacts on waler resources.

[ntended for developers, conservationists, public officials, and citizens,
this handbock is a simplified intreduction to hydrolegy. [t is nol meant to
provide all of the answers. Rather, it outlines basic concepts of hydrology
and poses crilical questions that need lo be asked to understand how
laned and its uses affect water resources,

*

The terms fand forni and land cover appear throughout this handbook.
Land form includes land’s shape, slope, soil, and lexture. Land cover
refers to what is on the surface: honses, fields, larests, or weltlands.
Land form and cover combine to influence what happens to water. The
broader term lmrd includes both form and cover
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The Water Cycle & Water Budgets

The water cycle (Figure 1) represents the path of waler as it noves from
the atmosphere, through the landscape to lakes and oceans, and back Lo
the atmosphere. We notice part of the waler cyele when water falls as rain
ar snow. We lend Lo forget aboul waler after it hits the ground, nolicing
it again only when it re-emerges in a stream or pond. It is during this
phase of its cycle when water is least noticeable that humans most influ-
ence the quality, movement, and distribution of water. For this reason,
this handbook focuses primarily on the processes that characterize how
land form and land use affect the water cycle. These processes include:

* Interception - water caught by and evaporaled from vegetation
* Depression Storage - water standing on land surface

* Infiltration - water moving into soil

* Soil Water Storage - water held wilhin soil

* Transpiration - waler moved by plants to atmosphere

* Ground Water Recharge - water seeping lo ground waler

*  Runoff - water moving over land surface

* Erosion - water dislodging and Iransporting soil

Figure 1. The Water Cycle. 1) Precipitation, 2) Iuterceptime,
3) Infiltvation, 4) Depression Storage, 5) Soll Water Storage, 6) Ground
WH( large, 7) Runoff, 8) Seb-suefice Flow, 9) Evaporation.
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Figure 2. The Water Budget,
1. Precipitation

2. Evapotranspiration

3. Storm Runoff

4. Ground Water Recharge
5. Storage

Related to the waler cycle, a water budget (Figure 2) describes how water
that enters a walershed through precipitation leaves that watershed in
one of the following four ways:

* Lvapolranspiration - water returned to atmosphere

*  Surface Runoff - water moved over land to streams and rivers
* Ground Water Recharge - water drained into ground

* Slarage - waler stored on or near land surface

Over time, the amount of water entering a system (precipitation) must
equal the amount leaving it. Thus:

Precipitation = Surface Runoff + Ground Water Recharge +
Evapotranspiration + Storage

Hydrologists usually only include evapotranspiration, ground water
recharge, and surface runoff in estimating water budgets since water in
storage eventually evaporates, runs over the surface, or juins ground
waler. Scientists use a water budget to define a sub-watershed’s hydro-
logic zones. These zones characterize how land form and land use com-
bine to determine what happens o water.

Land’s Influence Over Water

Land exerts ils influence over water in one of three general ways: flow
regulation, storage, and filtration,
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Flow Regulation

Water flow in streams and
rivers wvaries with local
weather patterns. Under
any given weather pattern,
land factors—land cover,
soil, topography, and geol-
ogy—regulate both storm
flow and base flow (Figure
3). Storm flow is the rise in

stream flow volume result- Figure 3. Flotw leucis. Average Base Flotw {top)

ing fram rain or snowmell o0 S Flawe (botfom),
runcEf, Base flow is the vol-

ume of stream flow be-

tween runalf events, typically fed by ground water or water held in lakes
and wetlands. Matural land forms tend 1o absork water, botly in the soil
and in vegelalion, and relenses il slowly into streams.

Storage

Land stores water on plant surfaces, as well as in puddles and ponds, soil,
and underground rock formations (Figure 4). In dry weather, this atored
waler releases slowly to rivers, streams, Erlluﬁd water, and the abmos-
phere. The storage period may be short: water on aleal, for example, may
evaporate in a matler of minutes. It can also be very long: some ground
waler remains in deep layers of rock for millions of years. Overall, land
can store huge amounts of water—more than 95 percent of the world's
unfrozen fresh water is stored as ground water.

Figiere 4. Water Storage in Land, 1) River, 2) Vegetation, 3) Lake or Reservoir,
4) Well, 5) Wetlaind. &) Gronmmd Wheler.

e

The roads, parking lots, lawns, and buildings of developed areas divert
water directly into rivers and streams and away from surface or under-

~ ground storage. This has significant ecological impacls as water avail-

ability, both on the surface and in the soil, affects the survival and distri-
bution of many species, Since ground water, wetlands, and lakes provide

mast waler to streams L‘l1lriug |.|1'::.|l weather, reducing water in storage also
reduces [low in streams,

Water Treatment

Bacteria, plants, and soil (especially clay and organic particles) break
dewn or immebilize many pollutants and nutrients (Figure 5). The longer
waler remains in the soil or on the surface of the ground, the cleaner it be-
comes. As a resull, certain areas in the landscape play a particularly crit-
ical water treatment role: wetlands and vegetative bulfers capture and fil-
ter surface runolf, while Hoodplains remove sediments, nutrients, and
pollutants from fload waters, Land form and land cover affect water

quality—temperalure, pH, color and concentrations of dissolved and
suspended solids.

Figure 5. Waler Trentinend. Cround cover plals and
plant debris slow runoff which allows sediment to setile
o wiiler o seep fulo the grownd wheve backeria, sofl
particles, mdsplants filler wany pelliden s,
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Watersheds & Subwatersheds

The basic unit for understanding how land interacts with water is the wa-
lershed, A watershee refers Lo a basin of land which catches rain or snow
and directs it down slope to a point in a river or stream—an outlel poink.
Hydrologists also define watersheds by choosing a point in the landscape
and determining the land area that captures water and drains it through
that point.

Awatershed can be as large as an entire river valley or assmall as the area
draining into a small tributary stream. The unique topography of any
landscape creates a syslem of interconnected basins, smaller water-
sheds—or sub-walersheds—nestied within larger ones (see Figure 6).

While surface drainage defines watersheds and subwatersheds, ground
waler may nol move through the landscape in the same way as surface
water, Cround water

can flow across water- [ Gaf‘
shied boundaries since it LJ”
follows geologic struc- Ml
tures. At the scale of
whole watersheds, e i
however, ground waler
movement  generally
matches surface waler-
sheds,

Figiire 6. Whtcrsheds are Jike tuls rﬂ;lflr}iﬁg wrfer
/ aind divecting i lowxtds an onillet point,
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Chapter Two

Land-Water Processes

Land-waler processes are interactions between land form, land cover,
and water. Both climate and land factors influence these processes. While
human influence over the climactic is of great concern, this handbook
deals largely with land [actors. Land faclors such as soil, slope, geology,
and land cover combine to influence what happens to water as it moves
through a watershed, Small variations in these factors can affect water,
Understanding the following land-water processes will aid efforts to de-
velop land use practices Lhal minimize detrimental impacts an waler re-
A0UICES!

= Interceplion

*  Infillration

* Depression Storage

*  Soil Water Storage

= Transpiration

= Ground Water Recharge
o Storm Runofi

= [Erosion

Interception

Leaves, stems, and fallen litter of trees and plants caich and hold signifi-
cant amounts of rain and snow. Most of this water evaporates back to the
atmosphere—a process known as inlerception (see Figure 7). Studies
have shown that interception of rain is often higher than that af snow,
which typically melts and drips to the ground. Plain surfaces, such as
roofs, walls, and roads, also account for minor ameounts of interception.

Dilferent types of land cover intercept different percentages of rainfall
depending on the total density and seasanal variation of vegetation sur-
faces—trees, shrubs, ground cover planls, and plant litter. Interceplion
FANIEES from I'i:"'i'l:l']]." zere for bare soil 1o maore than 40 percent of annual
rainfall in some evergreen forests, Conifers inlercept nmwore precipitation

&
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Figire 7. htereeption. The greatest futerceptivn ocours oir the left where
large trees diminate the lnndscape. Mighly developed land, such as on the
right, intercepls very fitHe precipilntion,

than deciduous trees on an annual basis because needles are more dense
than leaves and they are present all year. Thick, full-grown stands of
grass intercept almost as much walter as trees. Dense crops, such as alfal-
fa, contribule to interception much like grasses, while row crops, such as
corn, present more bare ground and generally lower vegetation density.
Forest litter—leaves, twigs, ele—intercepts approximately Lwo to four
percent of rainfall,

Climaclic condilions—rain intensily, temperature, wind velocity, and lu-
midity—alse influence interception. For example, light raing in warm
weather resull in higher interception than a cloudburst downpour during
the cold season.

Hydrologists debate Ihe imporiance of interceplion in water budgets.
Some studies suggest thal interception mostly displaces water that planis
would alherwise transpire (see page 15). The issue is often ignored by
treating, the combined result, evapotranspiration, as a single phenome-
o,

Infiltration

Water not intercepled by leaves or other surfaces eventually reaches the
soil. Some ar all of this water moves into the soil by the force of pravity—
a process called infiltration {see Figure 8). The rate at which a given type
of soil can absork water is its infiltration capacity. Infiltration capacity de
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pends on the size of pores between soil particles, and on how well they
are connected. Pore space is, in turn, a function of soil texture (the mix of
different particle sizes, i.e. clay, silt, or sand) and sail structure (how well
the s0il is aggregated into clumps).

Infiltration varies according to soll structure and land cover, It is fastest
in coarse-textured soils with similar-sized particles and well-connected
pores. In fine-lextured soils, where smaller particles leave little pore
space, infiltration rates tend to be slow. Some clay soils actually expand
ancl seal when wel, prevenling infiltration altogether, Organic matter and
secretions from both plant roots and seil organisms help form sail into
clumps which increase infiltration capacity by increasing pore size and
creating connections among pores. Plant roots alse facilitate flow by ere-
ating channels in soil.

Infiltration generally declines rapidly during the early part of a storm,
reaching a near constant value after one to two hours when fine pores in
surface soil become filled, reducing the soil's capacity to accept water.
This final low rate of infiltration typically deterniines how much runaoff is
generated because when the soil is salurated, water stays on the surface,
collecting in puddles and forming rivulets. In addition, water only infil-
trates soil where there are unfilled pores to accept it. Hence, soils that re-
sist infiltration, such as clays, or are always saturated, such as in a wet-
land, tend to generate runoff. Note that in wetlands, runoff may 1ravel to
a nearby depression and be stored on the surface. This is why wetlands
both generate runoflf, but control Aooding.

o

Figure 8. Infillration. Greatest infiltration occurs in well-aggregated,
lowsely conpacted soil (left). Frne grained, compacted soll resedts in Nitle
inefilt vt i fricdat
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Depression Storage

If rainfall exceeds the ground’s capacity to absorb water, it begins to col-
lect and fill surface depressions, bo become depression storage (see Figure
9). These depressinns might be as small as a puddle or as large as a pond.
Seme of this waler returis o Lhe atmosphere through evaporation, while
the remainder slowly infilirales the soil. If soil drains poorly, water may
remain on the surface for days. Water may also become surface runoff,
which begins once rain fills a depression.

Depression slorage capacily varies with slope, land-form, and surface tex-
ture. It is greatest on land surfaces that are level or gently-sloping, natu-
rally rough or graded to enhance de-
pressions, or abundant in larger de-
pressions like ponds. 1L is conversely

Poorly drained soils are distin-
gulshable by fine texture, a

lower on steeper areas which have
been highly disturbed or graded 1o
drain mare quickly, Slorage in small
depressions may relain for (M5" of
rainfall on steep hills and up to 207
on gently sloping agricultural land

high water table, and impervi-
uvus layers,

Better drained soils, converse-
ly, have coarse lexlure, a low

waler table, and no impervious

where [urrows or terraces have en- layer.
] 3

hanced surface depressions.

Poorly drained (see box) surface depressions, consisting of saturaled soil
or slanding water for part or all of the year, typlcally form whal are
koown as wellands, T addition o stoving waler, these wet depreassions
offer important habitat for birds, insects, and amphibians. Better drainec

Figure 9. Depression Stovage. Land with an undulating surface (left} witl
store more wnter on s surface than smoall land such as e paved orea on

Hie i,
/

What Happens to Water Id

e

depressions may hold water too briefly to be considered wetlands, but
slill act as important retention basins,

Distinguishing between good and poor drainage, or more and less wet, is
difficull. For the purpose of this handbook, it is more important to un-
derstand when and where water i collecting and where it goes from
Lthere.

Soil Water Storage

Sodl stores water in two ways—in macro-pores and in micro-pores, Water
that fills macro-pores (relatively large voids) tends to drain downward lo
the waler table by the force of gravity, Water in small micro-pores be-

tween fine particles is held up against the force of gravity by capillary
force (see Figure 10).

When rain or snowmelt is heavy
enouph, water fills all large macro-
pores, saturaling the soil. Gravity
ypically drains water out of macro-
ppores within two or three days. Soil

The water table generally de-
fines the level of ground water.
Somelimes, an impervious

layer in soil, such as a layer of
clay, prevents water from
draining down o ground
water. This creates a “perched
walter table” where soil re-
mains salurated but is above
the lrue ground water level,

remains salurated wmuch langer,
though, where & high water table or
i perched swater table prevents
drainage.

The amuount of water stered in satu-
rated soils (in a wetland, for exam-
ple) is equal o its porosity—the pro-
portion of a soil’s volume that is pores. Fine-textured silts and clays have
higher pormsities and, hence, higher storage and saturation capacities
than coarse-textured sandy soils. However, water infillrates very slowly
into fine soils, so coarse sandy soils often become saturated more readily.

I better-drained sails, water drains easily from macro-pores, with some
remaining in micro-peres. The maximum amownt of water thal sails store
:ir1 |111'1::|'11|mrus i3 k:mwn s ﬁﬂll_l f‘.g}l_'ti]r_"i_lyl Iljﬂ“tﬁ d raw waler |'m|'|'| JI'I.'i{'T['I'
puores anlil a Puinl when soil p;n‘{lia:luﬁ Isld waler loo Lightly for twem L
extract it. Soil, therefare, also has an amilalde water capacity, Lthat Is often
less than field capacity because the water that remains in micry-pores i
not available for the use of plants




14 What Happens to Water

Figure 10, Soil Whater Storage. Large grained soils such as sand (left) will
hotd Tess water W fine grained soils such as clays (right) since the spoces
between the grains arc loo farge to exert enpillary force sufficient to over-
coule gravity.

Soil waler storage capacity varies not only with soil texture and organic
malter, but also with unfilled storage space and rain frequency. After
heavy rains, soil moisture is at or above field capacily because water fills
micropores. Over lime, as water evaporates or gets taken up by plants,
unfilled capacity increases,

When soil waler exceeds field capacity, it drains downward lo join
ground water. Differences in soil storage capacity, therefore, have a piv-
otal rale in regulating ground water recharge. Soils with high infiltration
pates andd Tow waler storage capacity, such as sands, will recharge ground
water mwre readily than soils with low infiltration rates and high waler
slorage characterislics, such as clays.

Water stored in soil for sufficient lime benefits from natural filtering
Many nutrients and pollutants are neutralized or immobilized by soil mi-
crobe reaclions, plant uptake, or adhesion to clay particles and organic
matter. Others are more likely to persist in or leach through the soil; ni-
trates, for cxpmple, o comamon pollutand from seplic systoms, is very nur-
bile in soil water and, if nol used by plants, tends to leach downward and
conlaminale gronnd waler,

Transpiration

Plants lake up water in the soil through their roots, then transport it o
leaf surfaces where it evaporates back lo the atmosphere—a process
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w
known as transpiration (see Figure 11), Trees lranspire large amounts of
waler; smaller planis somewhat less. More than two-thirds of the precip

itation falling on the U.S. returns to the atmosphere by transpiration and
evaporation. Difficull to measure separately, hydrologists consider then
logether as evapolranspiration.

Cunditions limiling evaporation, such as solar radiation and tem pera-
lure, influence plant transpiration. Where climactic conditions are con-
stant, differences in s0il and vetgetnt!'on are responsible for variations in
lranspiration.

When soil water is plentiful, there is a maximum rate al which a land area
lases water to evapolranspiration—known as its potential evapotranspi-
ration rate. Potential evapatranspiration rales vary among different types
of vegelation. For example, one study in England observed that on a
sunny day a plot of grass lost 0.1” of water while a corresponding plot of
brussel sprouts lost 0.16". Forest trees lose waler al even greater rates.

Actual evapotranspiration is usually less than thie potential rate. Potential
evapolranspiration rates occur only when soil water is abundantly avail-
able to plants. When precipitation is less than potential evapotranspira-
tion, plant roots start to draw down soil maisture to meet their evapo-
transpiration demands. When soil meoisture declines, soil particles hold

the remaining water more tightly making it difficult for roots to take it
up.

I [onThead s
YA ol A B

II. . i, 3 .
| l
Frgure 11, Transpiration. Transpiration is greatest where laege trees dominale the

landscape (left). Snmil pleats i well-dmined soils transpire e lenst water fo Hhe
alwospliere,
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As with infiltration, soil type influences transpiration, especially during
dry weather. Transpiration rales drop off quickly in soils with low stor-
age capacities because little waler is available for plants bo use. When soil
moisture is limited, differences in the depth and density of plant roots be-
come significant, Areas with dense vegelalion—a closed canopy of trees,
understory shrubs, and ground cover—are likely to have greater ool
depth and densily, and, hence, greater transpiration rates. When soil
micisture is mot lemibbed, larger and denser trees and plants transpire more
water than their sparser counterpacts.

Ground Water Recharge

Ground water recharge oceurs when soil moisture is al maximum capac-
ity and water infilirates the suil faster than it leaves by evapotranspira-

v ;",r /‘JM =‘=f”f‘"»¥=1‘”z{*ﬁ* 0 %*%f*“z’"/"/q fn;ﬁ;,a,h,fnhéﬁ/

Figure 12. Gromid Water Rec fmjg.y Arens with Iu.:u soil water capacity will rem-f
ta conlribite more to ground waler (off). Apeas it 2 sron-perntealie tager
Crighit) arsiglit comtuiluate ditile to gronnd safer s nater i dimeted away nmd uto
it slream.

tion (see Figure 12). Water continues moving downward through layers
of sotl and vnderlying geology wntil it reaches gl‘mll‘ld water {the walter
table), where voids between particles or Hssures in bedrock are then
filled. Water may also travel down slope under the surface until il reach-
es a streant. This is called ground waler flow,

When infiltration is less than potential evapotranspiration, soil moisture
falls and no ground water recharge oocurs. When infiltration exceeds po-
tential evapetranspiration, soil is replenished by a moisture surplus, Fur-
thermare, when infiltralion exceeds potential evapotranspiration, and
soil modsture is ot moximum capacity, waler fravels downward to become
grouy her.

i
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Daovwnward drainage of water is limited by the rate al which a given soil
or geologic material can conduct water—knowiy as its permeability. The
mobility of pround water itself also depends on the permeability of sur-
rounding material, Due to variations in permeability, different watershed
areas are more hydrologically isolated from or hydrologically connected
to significant ground water reservoirs,

Areas more hydrologleally connected to ground water reservoirs have
]ﬁgh&l‘ I'EL‘].IE‘II‘,E@ p-l.‘l!‘énl:'ial. Actual re:‘]'l.slrge -::[Ep-ends on how much water
escapes runoff and evapolranspiration to reach ground water While
highly connected areas have higl per-acre recharge rates, less-connected
areas that are large will contribute significantly to total ground water
recharge. Land use changes that reduce ground water recharge in highly
connected areas can have a disproportionately large impact on lotal
recharge. Interfering with ground water recharge can reduee base stream
Row, because ground water typically feeds streams. Highly connected
areas are also sensitive o ground water contamination since infiltrating

waler con move |r-pu.ﬁ}r inley the water table with little filtering by soil
and PldHtS-

Surface Runoff

When rain or suowinelt fails to infiltrate the ground, and surface depres-
siong become full, water begins to travel down slope as surface runoff or
averland (low (see Figure 13). Overland flow can vary from trickles of
small volume and slow velocity to accelerating Aows of large volume and
high velocity. It is generally described as one of three types;

= Sheet Flow - oceurs mostly in natural areas as slowest and lowest
energy flow—small rivulets fowing from one small surface de-
pression to another

= Shallow Concenlrated Flow - occurs when sheet flow runoff in-
CreASEs in du:':]:lEi'l Lo form ]nrur_‘r conhinuous streams of water. bul
withoul sufficient velocity and energy lo develop significant
channels,

+  Channglized Flow - occurs when shallow concentrated Now
Hﬁl!'ll'_‘ﬂ'-‘i l.'!llLILIHli 1.'|_¥|m'il_1r, L‘l[-.‘i:l'h_, and enerey booout gul]iu:: or
channels.
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Where waler runs along the surface slowly, following a sinuous path be-
fore reaching a permanent stream, it is more likely to infiltrate the soil,
collect in depressions, or evaporate. Topography and ground cover con-
tral both the velocity and flow path of surface runall. Ground cover pro-
vides resistance Lo overlamd flow—Dbare soil offers much less resistance
than a stand of tall grass. Land form dictales where runoffl concentrates
and disperses as it moves down slope. Where land forms are convex,
waler tends to spread out and decrense in depth as it travels down slope.
On concave slopes, water tends to concentrate and increase in depth—an
effect naturally amplified with steeper slopes, :

As waler concentrales and travels through the watershed, some owverland
flow may move below the surface, while some sub-surface flow may re-
emerge to the surface. Landscape features—vegetative buffers, wetlands,
and loodplains—act to dissipate Lhe energy of runoff and can be partic-
ularly important in controlling its impacts.

L

Figure 13. Surface Euneff, Topograply and groied cover Dot affect st fmce
rinraff. Moue oegetation aund fess shope il resolt in the least roff while less
wegelation and greaker slope resull fn i west runoff, Conrpex arens (far lefl zaill
haie Jess rioraff Hue concave nreas (middle left).
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Erosion

Clasely related to surface runoff, soil eresion (see Figure 14) occurs where
gither the impact of raindrops or the force of runoff disledges and moves
partieles down slope. Maost erosion oceurs during or after heavy storms.
Plant roots (binding soil particles together), ground plants, and plant lit-

ter provide protection from erosion by covering soil particles and reduc-
ing runoff velocity.

Figure 14, Erozion is greatest in areas with steep slopes and ittle vegetniion
{Reft) oud feast In shallow slopes with o lot of vegetation (right ).

Suil bypes vary in their tendency to erode. Finer particles, especially silts,
are penerally carried maore easily than larger particles like sand. Some
very fine clay particles, however, cohere and resist erosion better than
larger particles. In addition, clay content in soil helps bind particles into
clumps which inhibil erosion by enhancing infiltration. Very high clay
content, however, can reduce infiltration and therefore increase erosion,

Crgande matter in soil also enbances soil aggregation and helps resist ero-
sion.



Defining Hydrologic Zones

Water moving through a watershed will eventually leave by one of three
processes: runoff, ground water recharge, or evapoltranspiration. In order
to evaluate land use, either current or planned, for its impact on walter re-
sources, it is important to know which of these three processes accounls
for most of the water moving through the arca. Areas that produce a lot
of runadT require different design considerations than areas that recharge
the ground water or contribute greatly to evapotranspiration. Combining
the effects of the land-water processes inlroduced in Chapter Twa lead Lo
delineating a walershed inte hydrolegic zones—areas where either
runaff, ground walter recharge, or evapotranspiration dominate the waler
budgel,

Just as you might draw up a budget lor your household finances (o ac-
count for income and expenses, so hydrologists devise a water budpet to
account for what happens lo water in a watershed. Over lime, the
amount of water entering a watershed through precipitation equals the
amount that leaves as runoff, ground waler, or vapor, Thus:

Precipitation = Surface Runoff + Ground Water Recharge +
Evapotranspiration

This is a simplifiecd version of the equation presented in the Introduction
(see page 5). Unlike that equation, it does nol include water storage. Hy-
drologists generally do not consider stored water in a budget since water
in ponds, puddles, or lakes ultimately becomes runoff in streams and
rivers, drains to join ground water, or evaporates into the atmosphere.
Water retained in soil either remains there, jnins gmund waler or is taken
up by plants to be transpired into the atmosphere.

Throughout this chapter, a hypothetical watershed (Figure 15) will help
show how variations in land use, topography, soil type, moisture condi-
tion, and other facters combine to create zones where surface runofl,
evapolranspiration, or ground water recharge dominate the water bud-
gel. The fdark black lines (not the roads in the upper right} delineate broad
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Figure 15. A Hypothetical Watershed. Take a moment to examine this hypothet
ical watershed in a bemperate zone. Nole e variations in stupe, Innd cover, soil
type, and bedrock. This graphic appears throughout the chapier to describe haw
the Processes discussed in C.'Iﬂptﬁr Tiweo inkeract with each ather fo deterniineg hoioe
waler moves trowgh Hhe lmndscape, Note: o “secondary-growth forest” conld be
a field returning to farest or a recently logged forest,

landscape characteristics—malure forest, seconda ry growth, field, devel-
opment, and wetland. To map hydrologic zones, hydrolugists account for
each element of the waler budget.



Accounting for Elements of the Water Budpet

Precipita tion

Estimating precipitation re-
lies on data from the LS. Ma-
Honal Weather Service’s rain
and snow gnug[ng slalions.
The amount of rain and snow
falling over a walershed can
be quite wariable, however,
especially  where clevalion
chianges significantly. It is
helplul, therefore, to average
data from maore than one sta-
tiom, in and around a water-
ched; comminly used meth-
uds for averaging precipita-
tion dala can be found in
mast hydrology texts, such as

|

Figrere 16. For simplicity, precipitation will
b wniforae Uronghout the watershed.

Dunne and Leopold's Wider e Enwirarcatal Plaiiing,

For this discussion, |'.lre.'L'i].‘l1'h'|li4.>|'| is assumed to be uniform [FlEIITE 16).

Su rfncc Rrrnﬂff

Surface runoff results when
rain or stowmell exceeds the
land’'s inler\ctptibn, depres-
sion storage, amd inlillration
capacities. Thus, runoll will
be grealest where inlercep-
tion, depression storage, and
infiltralion are lowest.

Interception capacity corre-
lates directly with amaount
nnd type of land cover. Fipure
I7 shows inlerceplivn rales i
the |.'|':,?'|_‘i{>-lhl_’1.'i1’.':'lll walershed
The mature forest inleroepls

picl greader dereeplion

LT

the most water because it has a dense and multi-layered cover of vegeta-
tion. The secondary growth forest intercepts slightly less water because
its vegetation is not as thick. Although the wetland has low vegetation, it
intercepts roughly the same amount of precipitation as the secondary for-
est because its vegetation is quite dense. The gracses in the feld will in-
tercept a bit less than the secondary forest while the developed area traps
the least amount of water because buildings, pavement, and lawns dom-
inate that area. High interceplion levels leave less water for runoff,

Both slope and terrain deler-
mine depression  storage.
Arens with steep slopes and
smodth terrain will have few
cavilies and depressions lo
store water, Flaller areas and
those with rough terrain will
have many small hollows or
ponds for storing water on
the surface. Figure 18 shows
the depression storage capae-
ity for the hypolhetical water-
shod., Runoff will be lowest
where surface depression
hold a lot of water.

Figisre 18, Depression Storage. Darker
shades represent grealer depression storage.

lnfiltration rates vary accord-

ing Lo soil by pe and plant cover. Well-drained soils will accept waler more
readily than poorly drained soils. Soils with large, well-connected pores,
such as sands, will have high infiltration while soils such as clays with
small, ]:II:H'II"}" connecled pores will inhibit infiliration. Where 20il condi-
Lions are the same, infiltration will be less where transpiration is greater
because plants will take up waler rather than allowing it to infiltrate
down. Figure 19 (page 24) depicts infiltration rates in the hypothetical
walershed. Note that in the developed area, roads have virtually no infil-
tration capacily because paved surfaces do not allow water to enter Lhe
soil. High infillration capacily leads to low runoff because waler is seep-
ing inle the growmd

Mlapping e wilershed for sunell pratentind requires combingug U of-
fects of i!!lln:.’tr_'upljt:a]l, L!s='|:|n_155.'1'u11. slorage, and infiltration. Areas where
these clfects are Bigh leave Ttk waler for runelf. Whee they are low, a
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lot of water runs off. Figure
20 shows the runofl potential
of each of the watershed's
dominate zones. MNote that
Bt the dleveloped area and
the wetland have high runcft.
In the developod area, low i0-
terception and infiltration
rates combine (o creale
runaff. In the wetland, he
very low infiltration rate re-
sults in high runafl. Runoff is
Fiywre 19, Infiltration. Darker shides show least in the mature fm‘:esr
where so much waler gets in-
tercepted and where infilica-
tion rates are relatively high.
Moderate nterception in the
secondary  prowth  foeres]
yields moderate runoffs. The
field’s low infiltration and in-
terceplion rates result in
rather high ranoff, Indeed, if
you stand at the edge of a
field after a rain storm, you
will notice a lol of water
deaining from it Likowise,
the culverts and draing in de-
veloped areas are usually full
alter even a little rain.

grealer r'rjlfiﬂmﬂ'r?lr feeles.

Figrire 20, Runaff Zoues. The derker sladed
arens denole livh runoff.

Gronud Water Recharge

Cround water recharge ocours only when soil moishure is at maximum
capacity and water infiltrales into the soil faster than il leaves by evapo-
transpiration. Where soil water slorage and evapotranspitation are lovie
and infiltration is high, ground water recharge will be high,

Figure 21 depicts soil water storage capacity for the hypothetical water-
ched, Soil characleristics delermine how much waler can be stored in soil.
Soils witk large, well-connegted pore spaces will hold Tittle water against
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e

the pull of pravity. Soils wilth
fine particles or ones with a
mix of parlicle sizes can hold
great gquantitics of water in
slorage. 'lant’s rools and
other organic material also al-
[ect snil water slorage. Where
rools have formed channels
in the soil, water will drain
eazily, reducing storage. Note
that the scil under the mature
foresl has finer particles than
what lies under the develop-
ment, The soil under the field
and wetland is even finer.
Thus, the wetland and field have the highest soil water capacity. The ma-
ture forest has slightly better stornge capacity than the secondary growth
foresl because of soil type. The developed area has the smallest shorage
enpacily, parily because of soil type and partly because heavy equipment
hag compacted the soil, fur-
ther reducing storage capaci-
Ly,

Figure 21. Soil wnter stornge enpacity,
Dhaeker shades represent greaker copncity,

In the hypothetical water-
shed,  plant transpiration
largely determines evapo-
transpiration. Dense, well-
mixed vegelalive cover have
high transpiration  levels
while areas with little cover
have low levels. This is seen
i Fig'llj'i.‘ 2. The matire for-
ezt his the most vepgelation
and the highest evapotranspi-
ration level. The develop-
menit las little vegetalion and low L'lmpuIrisl'uirliratinr. Wetlands tend to
produce lush vegetation which transpire a lol of waler,

Figire 22, Transpination. Dvrker shades de-
prict grenter frrusparakion

Eefer back 1o the section on runaff and FIELII'{' 19 on page 24 for the dis-
cussion on infilleation



Figure 23 shows the major
areas of pground water
recharge for the l13r|_.u'l||a::lif.-‘ll
watershed. Ground wales
recharge  will be  highest
where i} s0il has low capacity
for storing waler, ii) plants
draw up the least water, and
iii) infiltration rates are high.
The secondary growth forest
bias [lve highest ground waler

recharge capacily becauwse of |
its high infiltration and mod-  Fioyre 23. Grownd water rechnrge. Areas
erate evapoltranspiration rale  qujtly high recharge hnwe darker shading.
and soil waler storage capaci-

ty. Despite its high evapotranspiration rates, the high infiltration rate and
moderate soil water capacity of the mature forest give it fairly high
ground water recharge potential. The low infiltration rate (due to imper-
vious surlaces) of the developed area means that it has a low recharge po-
tential even though it has a soil with low storage capacity.

Cuapatranspiralion

Transpiration, depression storage, and soil water storage combine to in-
fluence the remaining element in the water budget—evapotranspiration.
Transpiration plays the largest role in determining evapotranspiration.
Soil water slorage, in turn, affects transpiration by dictaling hiow much
waler is available to plants and how difficult it is for roots to take it up.
Clepression storage impacts the evaporation part of evapolranspiration
since mast evaporation comes from exposed waler in puddles, ponds,

Figure 24. Transpirntion, depession slorage, s z0il ater storage

fakes, and streams. Flgure 24
repeats  the illusirations
shown earlier in the chapter.

You will nolice in Figure 25
thal, desg’:i!e the influence of
depression storage and soil
water storage, the map of
zones with high evapotran
spiration maltches that of
transpiration. This indicales
that in the hypothetical wa-
tershed the effect of transpi-  Figure 25, Ewapotrmnspirabion. Aress of
ralion oulweighs any varia-  gredfest evapotranspiration have darker
tiong in seil waler storage or  shading.

depression storage. This will

not always be true. For example, in hot, arid regions evaporation plays an
important role, In such a landscape, depression storage will become the
dominant influence over evapotranspiraticon.

Mapping Hydrologic Zones

Bringing together information about evapotranspiration, surface runff,
and ground water recharge, develops a picture of how different parts of
the watershed affects water's movement through the landscape,

With a given level of precipitation, combinations of land cover, topogra-
phy. and geology yield varying ratios of runoff, evapotranspiration, and
ground water recharge which defines a landscape’s hydrologic zones.
Figure 26 depicts these ratios and zones. The zones tell what the water
budpet looks like for each part of the landscape. Recharge zones con-
tribule greatly o ground water recharge. Hunoff zones have high surface
runafl. Low runelf and recharge characterize refenlion zones.

In the mature forest, euaputranspirnllr]n accounts for most af the water.
The secondary growth forest has high evapotranspiration and significant
recharge with comparatively little runoff. Developed land produces a lot
of runofl, Fields have litlle recharge and equal amounts of runaff and
l"'l-'-‘lE'l‘l}lr'ﬂ]l!—'i'l:}i]’.:‘lli(:lll. Wetlands hawve litlle or no rt'rlmrr,:* and 1,':tuiqu:.':1|:
levels of munalf and evapolranspiration,



velopment lo store starm water and slow runoff, Drainage systems
should also strive lo maximize infiltration by lengthening runoff paths
and minimizing flow velocilies,

Hydralogic Zones with High Ground Water Recharge

Hydrologic zones with high ground water recharge also require careful
development design. While high infiltration and good drainage in these
zones reduce runolfl impacts, they are more susceptible to ground water
contaminalion since water drains lo the water table quickly without
much af the natural filtration that occurs in soil. 'Land uses that might
contribute contaminents to ground water ouglit to be scattered thinly in
high recharge zones

Potentinl sources of pollution—such as septic systems—require addition-
al safeguards against ground water recharge; layers of loamy soil, for ex-
ample, greatly increase storm waler relention capacilies. While polluted
water should be retained and treated near the surface, other cleaner water
should be collected and allowed to percolate Lo ground water, rather than
diverted olf-site and away from recharge zones.

It is important to enhance recharge in areas where land use has compact-
ed and degraded soil, and reduced infiltration. Leaving such areas vege-
tated and undisturbed for a period of three to six years loosens and im-
proves soil structure. Mixing organic matter into the soil also improves
infiltration on agricultural and other managed lands.

Hydrologic Zones with Low Surface Runoff & Low Ground Water
Recharge (Retention Zanes)

High retention zanes are the most appropriate areas to accommodale de-
velopment—the exception being wetlands, which should be left undis-
turhed. In areas where wetlands are mixed with more suitable land, sen-
sitive development can take advanlage of wetlands’ storm water reten-
lion capacities.

Aside from wetlands, other high retention zones include areas with deep,
moderately-textured, well drained soil and slow o moderale runolf
{lows. These areas are most suitable for development because they main-
tain a balance between ground water and surface runoff impacts. At the
samu Lime, development in Lhese arcas should not alter essenfial reten-

tion functions. Development and intensive logging often lransform natu-
rally high relention zones inlo areas thal generate excessive runsff.

Proper site design can minimize the runoff that reaches recharge or runolf
zones, Buffer areas consisting of undeveloped land surrounding intense
land use will isolate development from recharge or runoff zones, The
same “best management practices” that minimize runoff in high runoff
zones can slow the How of water and allow the natural retention charac-
teristics of the zone to take affect.

Careful design can also maximize filtering benefils. Recall that soil and
plants filter water. Slowing runoff and increasing retention increases the
opportunity for filtration, extending water’s exposure ta the filtering al-
fects of soil particles and microbes, In addition, maintaining multiple lay-
ers of vegetation rather than clearing shrubs and ground cover will pro-
tect the filtering properties of plants.

This discussion favors high retention zones as most suitable for many
types of development because careful planning in these zones can mini-
mize surface runoff and ground water impacts while addressing water
quality and quantity concerns. High relention zones promote natural

water treatment, rather than the disposal of polluted waters to other parts
of the watershed.



Conclusion

\Uthough this handbook has dealt almaost exclusively with the how land
arm and land cover affect water, water also influences land. In the form
if glaciers, rivers, and raindrops, water carves valleys, reduces moun-
ains, and erodes hillsides. The availability of clean water affects the com-
sosition and distribution of plants and animals in the landscape. All
jpecies of plants and animals are adapted to specific water conditions. 1f
and use dramatically alters the amount of surface or ground waler, or
wwen alters the seasonal cycle of their availability, the abundance and dis-
ribulion of species chanpes.

Maler also influences how and where humans live. People venture into
wrid regions only al greal expense. The guantity and qualily of local waler
supplies translates direcily inlo town and state budgets for reservoirs,
pipelines, and purification facilities. Floods continually foree back com-
munities that build homes and businesses near rivers, Most states test soil
percolation rates of potential house siles for septic syslems (a direct mea-
sure of infiltralion rates) and availability of a clean water supply (often
ground waler).

That water is eritical botl to natural sl human syslems underscores ils
central role in the environment. Mot only can land use decisions that dis-
rupt hydrological processes havm plants and animals, but they cost lowns
and states money, This handbook has intreduced the basic concepts of
hydrology—focusing especially on how land and water interact. With the
these basic concepts, and an understanding of how they fit together, con-
servalionists, planners, developers, and municipal officials are better
equipped Lo prolect waler resources ane the environment throwugh tar-
geted land conservation, smarter site design, and sounder local regula-
lions,
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